Introduction {#s1}
============

In recent years, recombinant lentivirus (LV) based on HIV-1 has uniquely progressed and become a focus of gene therapies for HIV diseases [@pone.0042455-Klimatcheva1]--[@pone.0042455-Scherer1]. As a vector, lentivirus has the distinguishing property of being able to infect both dividing and non-dividing cells, and this ability has led to its development as a gene delivery vehicle [@pone.0042455-Klimatcheva1], [@pone.0042455-Naldini1]. As the safest viral vector constructed by knocking out the virulent genes from HIV-1, the lentivirus encoding antiviral proteins might play a role in resistance to viral infection. A relevant study showed that lentivirus carrying interferon-β (IFNβ) gene could transduce CD4+/PBMC efficiently and highly express IFNβ, which significantly inhibited the replication of HIV-1 strain in CD4+/PBMC [@pone.0042455-Brule1]. However, interferon-γ (IFNγ) has not been currently constructed within recombinant lentivirus for the purpose of antiviral therapy, particularly for DNA virus infection.

Here we hypothesized that efficient transduction of recombinant lentivirus expressing interferon gamma (IFNγ) in the host cells may play an important role as antiviral against the target virus through both lentivirus co-infection interference and IFNγ activity, which may provide an alternative pathway for controlling or curing severe viral diseases. This study extensively analyzed the ability of three different promoters within lentiviruses driving transgenic enhanced green fluorescence protein (GFP) expressing activities in various cell lines. The favorable promoter was used to construct the recombinant IFNγ lentivirus. Recombinant GFP adenovirus type 5 (Ad5) was used as a viral surrogate to examine the impact of lentivirus co-infection on target virus replication *ex vivo*.

Results {#s2}
=======

Generation of recombinant lentiviruses with three different promoters {#s2a}
---------------------------------------------------------------------

The transfer expression plasmids pTY-EF1α-GFP, pTY-CMV-GFP and pTY-Ubi-GFP were constructed, which contained EF1α, CMV or Ubiquitin promoter, respectively. Those three lentiviral vectors were third generation of self-inactivating (SIN) vectors, in which the U3 region of 5′-LTR was replaced with cytomegalovirus (CMV) promoter. All three vectors contain a central polypurine tract (cPPT) that facilitate nuclear entry of the pre-integration complex ([**Figure 1A**](#pone-0042455-g001){ref-type="fig"}).

![Characteristics of recombinant lentiviruses.\
(**A**) Schematic representation of lentiviral vector constructs. RRE: REV responsive element; cPPT: central polypurine tract; CMV: cytomegalovirus promoter; EF1α: human elongation factor 1 alpha promoter; EGFP: enhanced green fluorescence protein. (**B**) Morphology of passages from LV-CMV-GFP transduced 293A cells. The images were captured by a fluorescent or bright light microscope in 72 h after transduction or passaging over months.](pone.0042455.g001){#pone-0042455-g001}

The lentiviruses (LV) carrying three different promoters were packaged in the transfer, shuttle and packaging plasmid DNA transfected 293T cells. Viral load of LV-CMV-GFP, LV-EF1α-GFP and LV-Ubi-GFP was quantified as containing 4.2×10^9^, 3.89×10^9^ or 5.37×10^9^ copies/ml from the supernatants of transfected cells, respectively. Six different cell lines were transduced by those three lentiviruses, in which LV-CMV-GFP transduced 293A cells were continually passaged keeping unchanged morphology and GFP stable over a one month period ([**Figure 1B**](#pone-0042455-g001){ref-type="fig"}).

Transduction efficiency of lentiviruses with three promoters in various cell lines {#s2b}
----------------------------------------------------------------------------------

The GFP activity under control of three promoters was observed by a fluorescent microscopy. The fluorescent signal intensities and efficiencies of lentiviruses transduced cells were measured by flow cytometry ([**Figure 2**](#pone-0042455-g002){ref-type="fig"}). In 293A and PC3 cells, CMV promoter initiated the highest activity of GFP expression. In contrast, CMV promoter showed much lower activity than the other two promoters in MOLT-4 and DU145 cells, while EF1α and Ubiquitin promoters were relatively stronger in those two cell lines. All three promoters were weaker in RM1 and CEM cells but EF1α had a relative higher activity for driving GFP expression. The transduction efficiency of those lentiviruses into various cell lines was ranging between 5% and 95% by flow cytometry ([**Table 1**](#pone-0042455-t001){ref-type="table"}), which indicated that higher transduction was preferred by the lentivirus with a more efficient promoter in certain cell lines.

![Detection of GFP expression driven by three different promoters within lentiviruses transduced various cells.\
GFP expressing cell counts and fluorescent signal intensity were measured by a flow cytometry in 72 h after lentivirus transduction.](pone.0042455.g002){#pone-0042455-g002}
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###### Mean efficiency and fluorescent signal intensity of recombinant lentivirus transduced cells.

![](pone.0042455.t001){#pone-0042455-t001-1}

  Cell lines    n   GFP expressing cell counts (%)                
  ------------ --- -------------------------------- ------------- --------------
  293A          3             89.13±4.28             79.90±6.25     94.83±2.87
                             (8.85±0.44)             (5.67±1.66)   (22.56±0.78)
  MOLT-4        3            64.83±13.01             74.27±2.14     5.87±1.70
                             (0.61±0.04)             (2.82±0.68)   (0.33±0.15)
  PC3           3             5.57±0.31              14.07±1.20     20.90±3.15
                             (0.94±0.26)             (1.85±0.05)   (5.98±1.81)
  DU145         3             24.10±5.53             25.13±4.95     16.87±3.92
                             (3.47±1.72)             (6.98±3.83)   (1.87±0.03)
  RM1           3             16.77±0.38             10.23±1.12     9.53±0.65
                             (0.59±0.01)             (1.67±0.06)   (0.35±0.01)
  CEM           3             15.70±0.56              8.80±0.06     4.90±0.38
                             (0.30±0.00)             (2.00±0.01)   (0.32±0.01)

Mean GFP expressing cell count and fluorescent signal intensity were measured by a flow cytometry in 72 h after lentivirus transduction to cells.

Production and characterization of recombinant IFNγ lentivirus {#s2c}
--------------------------------------------------------------

Recombinant IFNγ lentivirus (LV-IFNγ) carrying CMV promoter (LV-CMV-IFNγ) was packaged in 293T cells. Viral load above 1×10^9^ copies/ml was observed in cell culture supernatant, and a viral load above 1×10^11^ copies/ml was obtained after concentration by filtration. Transcription and expression of IFNγ RNA were detected in LV-CMV-IFNγ transduced 293A cells by SYBR-QPCR and Western-blot ([**Figure 3**](#pone-0042455-g003){ref-type="fig"}), which indicated that LV-CMV-IFNγ was infectious. After 12 h transduction, high level of IFNγ secretion was detected (11.45 µg/ml and 10.44 µg/ml in supernatants of LV-CMV-IFNγ transduced 293A or CEM cells, respectively).

![Infectivity of recombinant lentivirus to cells.\
(**A**) Amplification curve of IFNγ RNAs by SYBR-QPCR from lentiviruses transduced cells. The curves are representative of LV-CMV-IFNγ and IFNγ RNA positive control, respectively. (**B**) Dissociation curve (Derivative melting curve) of SYBR-QPCR was obtained from IFNγ RNA amplification. It is apparent that the point of infection (melting temperature of the amplicon) occurs at 85°C , and no contaminating product is present in this reaction. (**C**) Western Blot: lane 1, LV-CMV-IFNγ transduced cell lysate; lane 2, pTY-CMV-IFNγ plasmid transfected cell lysate; lane 3, LV-CMV-GFP transduced cell lysate control; lane 4, pTY-CMV-GFP plasmid transfected cell lysate control; lane 5, 293A cell lysate negative control. IFNγ was detected in 72 h after transduction or transfection to 293A cells.](pone.0042455.g003){#pone-0042455-g003}

Impact of recombinant lentivirus co-infection on replication of adenovirus in cell culture {#s2d}
------------------------------------------------------------------------------------------

A day pre-seeded 1×10^5^ of 293A cells per well in the 24-well plate were individually inoculated with 10^4^, 10^5^ and 10^6^ infectious units (IFU) of recombinant GFP adenovirus type 5 (Ad5) and were co-infected with 10^8^ copies of LV-CMV-IFNγ or LV-CMV-GFP, respectively. The co-infected cells were observed and compared with a single adenovirus infection control, which showed the better morphologic condition, while adenovirus alone infected cells induced clear pathological changes ([**Figure 4**](#pone-0042455-g004){ref-type="fig"}). Viral load of adenovirus from LV-CMV-IFNγ or LV-CMV-GFP co-infected cell cultures was statistically lower than that from Ad5 alone infected cells (*P* = 0.005 and 0.041) ([**Figure 5**](#pone-0042455-g005){ref-type="fig"}), indicating that both recombinant lentiviruses could inhibit adenovirus replication in the co-infected cells. Between two lentivirus co-infections, Ad5 viral load from LV-CMV-IFNγ co-infected cell cultures was significantly lower than that from LV-CMV-GFP co-infected cells (*P* = 0.032) ([**Figure 5A**](#pone-0042455-g005){ref-type="fig"}), suggesting that interferon-γ rather than GFP could additionally enhance the inhibition of Ad5 replication in the co-infected cells. Replication of adenoviruses in 293A cell cultures was inhibited by those two lentivirus co-infections within a 59% to 90% range ([**Figure 5B**](#pone-0042455-g005){ref-type="fig"}). The largest reduction of Ad5 viral load was 83--90% (average 86%) from LV-CMV-IFNγ co-infected cell cultures, while 59--63% (average 61%) reduction of Ad5 viral loads was calculated from LV-CMV-GFP co-infected cells.

![Observation of single adenovirus or lentivirus co-infected 293A cells.\
Ad5 control indicates the amount of 10^4^, 10^5^ and 10^6^ infectious units (IFU) of Ad5 alone infected 293A cells; LV-CMV-IFNγ**+**Ad5 and LV-CMV-GFP**+**Ad5 indicate the number of 10^8^ copies of LV-CMV-IFNγ or LV-CMV-GFP co-infected 293A cells with the amount of 10^4^, 10^5^ and 10^6^ IFU of Ad5, respectively. The images were captured by a fluorescent or bright light microscope in 72 h after single adenovirus infections or lentivirus co-infections.](pone.0042455.g004){#pone-0042455-g004}

![Comparison of Ad5 viral loads between single adenovirus infected and lentiviruses co-infected cell cultures.\
Ad5 control indicates that single adenovirus infected 293A cells, and LV-CMV-IFNγ and LV-CMV-GFP indicate that LV-CMV-IFNγ or LV-CMV-GFP co-infected 293A cells, respectively. (**A**) Ad5 viral loads were quantified by QPCR from single adenovirus infected 293A cell control or 10^8^ copies of each lentivirus co-infected cell cultures in three groups of 10^4^, 10^5^ and 10^6^ IFU of Ad5 inocula after 72 h cultivation, and data were obtained from three representative tests. The curves were plotted by mean ± SD of Ad5 viral loads. *P* values were calculated by two-way ANOVA test for comparing differences of Ad5 viral loads between single virus and lentivirus co-infected cell cultures or between lentivirus co-infections. (**B**) Inhibition (%) of Ad5 replication was calculated as viral load reduction from lentivirus co-infection to single Ad5 control in each inoculum group of cell cultures.](pone.0042455.g005){#pone-0042455-g005}

Discussion {#s3}
==========

Up to now, with conventional vaccination ideas, scientists have experimentally and clinically attempted nearly every possible way of developing AIDS vaccines but all failed when tested in clinical trials [@pone.0042455-Kaiser1]. However, recent epidemiological investigations showed that co-infection with a non-pathogenic flavivirus, GB virus C (GBV-C) replicating in human peripheral blood mononuclear cells (PBMCs) including CD4 positive T cells, could significantly benefit HIV-1 infected patients by delaying disease progression and prolonging HIV patient\'s survival [@pone.0042455-Xiang1]--[@pone.0042455-Williams1]. Experimental data confirmed that GBV-C was able to inhibit HIV-1 replication *in vitro* [@pone.0042455-Nattermann1], [@pone.0042455-Xiang2], and GBV-C viral load appeared to be inversely correlated with HIV-1 load in HIV-1 infected populations and to positively correlate with CD4 positive cell counts in symptomatic HIV-1 patients [@pone.0042455-Li1]. In the Sydney Blood Bank Cohort (SBBC) of long-term survivors, an attenuated nef-deleted HIV-1 strain was discovered and was ultimately found pathogenic in humans [@pone.0042455-Deacon1], [@pone.0042455-Gorry1]. The beneficial co-infection of HIV-1 infected patients with GBV-C or attenuated nef-deleted HIV-1 strain triggered exploring a different approach from the traditional vaccination for controlling HIV infection or disease progression. Substituting for vaccination, the persistent infection of CD4 positive cells with a constructed non-pathogenic virus in the HIV-infected hosts might competitively protect a sufficient number of target cells from being destroyed by HIV infection and, consequently, maintain a basic level of host immunity ensuring patient\'s survival.

The defective lentiviral vectors could interfere with replication of wild type HIV-1 in the transduced cells [@pone.0042455-Klimatcheva1], [@pone.0042455-Zeng1]. Here we generated a recombinant interferon-γ lentivirus with self-inactivating replication derived from HIV-1 that essentially mimics an attenuated HIV-1 through viral interference and combines antiviral cytokine and gene therapy.

Highly effective expression of foreign transgenes within organs, tissues or cells is an important issue for lentiviral vector mediated transduction. It has been demonstrated that the higher transgenic expression can be obtained with optimization of transcriptional regulatory elements such as promoters [@pone.0042455-Kim1]. In this study, three different promoters of CMV, EF-1α and Ubiquitin inserted within lentiviruses were compared for their ability to drive GFP expressions in transduced cell lines 293A, MOLT-4, DU145, PC3, CEM and RM1. The data collected indicated that one promoter appeared in various driven activities between different cell lines. Therefore, a proper promoter selection should be considered in order to achieve a high level of transgenic expression in the targetted host cell. The efficacy of CMV promoter for initiating GFP expression was found higher in 293A but lower in CEM cells. However, CMV promoter within lentivirus appeared to present high activity for driving IFNγ expression in both 293A and CEM cells, indicating that the favorable promoter might carry different ability for initiating different level of transgenic expression in certain cell lines.

Interferon gamma (IFNγ) is known as immune or type II interferon, which possesses antiviral activity directly affecting viral replication or modulating antiviral immune response to activate natural killer (NK) cells and cytotoxic T lymphocytes (CTL) by up-regulation of MHC class I and class II molecules in a wide variety of cells [@pone.0042455-Pestka1]--[@pone.0042455-Iida1]. High viral load of recombinant IFNγ lentivirus was produced in this study. Secretion of IFNγ rapidly reached levels above 10 µg/ml in the supernatant of LV-CMV-IFNγ transduced 293A or CEM cell cultures, which was an effective concentration for antiviral activities *in vivo* [@pone.0042455-Younes1].

Recombinant adenovirus type 5 carrying GFP (Ad5) was used as a viral surrogate for testing its interaction with lentiviruses in co-infected 293A cell cultures. The advantages of Ad5 to infect cells were rapid replication, accurate quantification, typical cytopathologic changes and observation by immunofluorescence, which made it an ideal target virus to evaluate the impact of recombinant lentivirus co-infection *ex vivo*. Recombinant lentiviruses expressing IFNγ or GFP under the control of a CMV promoter clearly inhibited adenovirus replication in co-infected cells (*P* = 0.005--0.041). In addition, high secretion of IFNγ (11.45 µg/ml) rather than GFP enhanced this inhibition through its antiviral activity (*P* = 0.032), for which 83--90% reduction of Ad5 viral load was obtained from LV-CMV-IFNγ co-infected cell cultures.

The mechanisms of recombinant lentivirus inhibiting HIV-1 replication were explored at least partly for TAR and RRE decoy effects of the vectors, competition for substrates necessary for the reverse transcription and RNA encapsidation, co-packaging or dimerization of HIV and vector RNAs at the dimer linkage structure (DLS) [@pone.0042455-Hoglund1]--[@pone.0042455-Bukovsky1]. In this study, however, the inhibition of adenovirus replication in 293A cells by lentivirus co-infection could not be revealed by most of the above explanations, because adenovirus is a DNA virus and its replication mechanisms are different from RNA HIV-1. The study demonstrated that recombinant lentiviruses could inhibit both RNA and DNA virus replications in co-infected cells, suggesting that some universal mechanisms besides the antiviral activity of interferon were involved.

LV-CMV-IFNγ significantly inhibited the replication of adenovirus *ex vivo*, suggesting that the persistent and protective co-infection with recombinant interferon-γ lentivirus could be a potential approach for studying an alternative therapy of both DNA and RNA viral diseases, such as severe hepatitis B and C and HIV/AIDS. Prospective studies would examine the impact of recombinant IFNγ lentiviruses on replications of target viruses in host cells and animal models.

Materials and Methods {#s4}
=====================

Gene and constructs/Ethics statement {#s4a}
------------------------------------

Interferon gamma (IFNγ) gene was amplified and isolated from cDNA of Chinese volunteer peripheral blood cells in the laboratory. Written consent was obtained from all participants involved in the study and approved by Southern Medical University (SMU) Nan Fang Hospital Medical Ethics Committee (permit numbers: NFYY-2008-045) in accordance with national and institutional policies for medical ethics. Lentiviral transfer plasmids pTY-EF1α-IRES-GFP and pTY-Ubiquitin-GFP (pFUGW), packaging plasmids pMD2.G and psPAX2, and promoter plasmid pCMV-MCS were provided from the Department of Transfusion Medicine or the Institute of Oncology, Southern Medical University. The construct pTY-Ubi-GFP (Ubi-GFP) expresses the enhanced green fluorescence protein (GFP) under the control of Ubiquitin promoter [@pone.0042455-Lois1]. The construct pTY-EF1α-GFP (EF1α-GFP) was generated by excising the IRES (internal ribosome entry site) fragment from pTY-EF1α-IRES-GFP at Mlu I and Sma I restriction sites. The plasmid pTY-CMV-GFP (CMV-GFP) was constructed from pTY-EF1α-GFP by replacing the EF1α promoter with human cytomegalovirus (CMV) promoter. Lentivirus transfer construct pTY-CMV-IFNγ was generated from above plasmid by replacing GFP with IFNγ.

Cell lines {#s4b}
----------

Cell lines 293T and 293A (human kidney epithelial cells), MOLT-4 (human acute lymphoblastic leukemia cell line), CEM (human lymphoblastic cell line), DU145 and PC3 (human prostate carcinoma cells) were provided from the laboratory and were initially purchased from Life Technologies™ (Invitrogen China Limited, Guangzhou, China). RM1 (murine prostate cancer cell) was provided by Wanlong Tan (Department of Urology, Southern Medical University, China), which was originally generated from C57BL/6 mice using the mouse prostate reconstitution model [@pone.0042455-Thompson1]. The cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) or RPMI-1640 supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, 100 µg/ml streptomycin, MEM Non-Essential Amino Acids Solution (10 mM), L-Glutamine (200 mM) in incubator with 5% CO~2~ and 37°C. Sera and media were purchased from a company (Invitrogen, Carlsbad, CA, USA).

Recombinant lentivirus packaging {#s4c}
--------------------------------

The lentiviral vectors used in this study are the third generation self-inactivating (SIN) vectors. A number of 3×10^6^ 293T cells were seeded in a T25 flask. On the following day, the culture medium was changed with 1.7 ml of Opti-MEM® I Reduced Serum Media. A mixture of 2.67 µg of shuttle plasmid pMD2.G, 5 µg of packaging plasmid psPAX2 and 6.67 µg of transfer expression plasmid DNA was prepared in lip2000 solution by using lipofectin transfection kit (Invitrogen, Carlsbad, CA, USA) and was co-transfected into 293T cells. The co-transfection solution was replaced by complete DMEM medium in 8 h post transfection. The packaged recombinant lentiviruses were harvested from the supernatant of cell cultures in 72 h after transfection. Lentivirus supernatants were treated by DNase I digestion. Viral load of recombinant lentivirus was quantified in copies/ml by real-time PCR with a standard curve generated from plasmid pTY-EF1α-GFP.

Adenovirus {#s4d}
----------

Recombinant adenovirus type 5 carrying GFP (Ad5) was packaged and produced in 293A cells as previously described [@pone.0042455-Li2]. The titer of infectious units (IFU) from adenovirus preparation was determined by using an Adeno-X Rapid Titer Kit (BD Biosciences, Palo Alto, CA, USA) according to the manufacturer\'s instruction. The stock contains 10^10^ IFU/ml of adenoviruses and stores at −80°C.

Real-time PCR {#s4e}
-------------

Quantification of lentivirus or adenovirus was carried out by the real-time RT-PCR (RT-QPCR) or SYBR Green PCR (SYBR-QPCR). For detection of lentivirus, a region of 3′-LTR was selected to design the specific primers and probe as the followings [@pone.0042455-Fischetti1]: Primer LV-F 5′-TAAAGCTTGCCTTGAGTGCT-3′, Primer LV-R 5′-GTCTGAGGGATCTCTAGTTACCAG-3′, LV-Probe 5′-(Hex) AGTAGTGTGTGCCCGTCTGTTGTGTG (BHQ2)-3′. For detection of adenovirus, a conserved region of the hexon gene was designed as the following primers [@pone.0042455-Garnett1]: Primer Ad-F 5′-GGTGGCCATTACCTTTGACTCTTC-3′ and Primer Ad-R 5′- CCACCTGTTGGTAGTCCTTGTATTTAGTATCATC -3′.

Lentivirus RNA or adenovirus DNA was prepared from cell cultures using the High Pure Viral Nucleic Acid Extraction kit (Roche Diagnostics GmbH, Mannheim, Germany). Two-step RT-QPCR or SYBR-QPCR was performed for quantification of lentivirus or adenovirus according to the protocols of manufacturer\'s instructions (Takara Biotechnology Co., Ltd, Dalian, China). The standard curve for lentivirus or adenovirus quantification was generated by serial dilutions of plasmid pTY-EF1α-GFP or pAdtrack DNA, respectively.

Cell transduction *ex vivo* {#s4f}
---------------------------

A number of 1 to 2×10^5^ of cells of 293A, DU145, PC3, RM1, MOLT-4 or CEM were seeded in a well of 24-wells plate to obtain an appropriate density of 70--80% confluence on the following day. The cells in each well were transduced with 10^8^ particles of packaged recombinant lentiviruses in 2% FBS maintaining medium and incubated for 3 days at 37°C and 5% CO~2~. Gene expression of the transduced cells was examined by the immunoassays or observation of enhanced green fluorescent protein (GFP) on an Olympus Model BX41 fluorescent microscope (Olympus, Tokyo, Japan).

Efficiency of lentivirus-GFP transducing cells was analyzed by measurement of mean fluorescence signal in flow cytometry on a FACS Calibur (Becton Dickinson, MA, USA). Data were analyzed using CellQuest software (Becton Dickinson, MA, USA).

Expression level of IFNγ in supernatants or lysate from the transduced cell cultures was detected by Western-blot and commercially available enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Inc. Minneapolis, MN, USA) according to the manufacturer\'s instruction.

Statistical analysis {#s4g}
--------------------

Experimental values are represented as the mean ±SD. SPSS13.0 software was used for data analysis. Two-way ANONA test was used to compare the difference of mean values of Ad5 viral loads between experimental and control groups. *p*\<0.05 was statistically considered significant.
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